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1
CROSS-POINT MEMORY CELLS,
NON-VOLATILE MEMORY ARRAYS,
METHODS OF READING A MEMORY CELL,
METHODS OF PROGRAMMING A MEMORY
CELL, METHODS OF WRITING TO AND
READING FROM A MEMORY CELL, AND
COMPUTER SYSTEMS

RELATED PATENT DATA

This application is a continuation of and claims priority to
U.S. patent application Ser. No. 13/841,181, which was filed
Mar. 15, 2013, which issued as U.S. Pat. No. 8,902,639 on
Dec. 2,2014, which is a continuation of and claims priority to
U.S. patent application Ser. No. 12/705,918, which was filed
onFeb. 15,2010, which issued as U.S. Pat. No. 8,416,609 on
Apr. 9, 2013, the teachings of which are incorporated herein
by reference.

TECHNICAL FIELD

This invention relates to cross-point memory cells, to non-
volatile memory arrays, to methods of reading a memory cell,
to methods of programming a memory cell, to methods of
writing to and reading from a memory cell, and to computer
systems.

BACKGROUND

Many different structures exist for storing data in memory
cells. Some dynamic memory cells include a capacitorused to
store charge for a brief period of time. Such memory cells
may be configured in one of two or more states. In one state,
the memory cell stores charge using the capacitor and in the
other state the memory cell does not store charge. Since
charge stored by such capacitors eventually dissipates, such
dynamic memory cells need to be periodically refreshed.

Other memory cells may be configured in one of two or
more resistive states used to represent data. In one state, such
memory cells have a relatively high resistance and in another
state such memory cells have a relatively low resistance. Such
memory cells may be arranged in a cross-point structure in
which resistive memory cells are located between a word line
and a bit line.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagrammatic schematic view of a non-volatile
memory array in accordance with an embodiment of the
invention.

FIG. 2 is a diagrammatic sectional view of a memcapacitor
device in one programmed state, and in accordance with an
embodiment of the invention.

FIG. 3 is a view of the FIG. 2 memcapacitor device in
another programmed state in accordance with an embodiment
of the invention.

FIG. 4 is a diagrammatic isometric view of a memory cell
in one programmed state, and in accordance with an embodi-
ment of the invention.

FIG. 5 is a diagrammatic isometric view of the FIG. 4
memory cell in another programmed state, and in accordance
with an embodiment of the invention.

FIG. 6 is a diagrammatic isometric view of a memory cell
in one programmed state, and in accordance with an embodi-
ment of the invention.
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FIG. 7 is a schematic representation of a portion of a
non-volatile memory array in one programmed state, and in
accordance with an embodiment of the invention.

FIG. 8 is a plot illustrating characteristics of a memory cell
in accordance with an embodiment of the invention.

FIG. 9 is a plot illustrating currents in accordance with an
embodiment of the invention.

FIG. 10 is a diagrammatic view of a computer in accor-
dance with an embodiment of the invention.

FIG. 11 is a block diagram of a computer motherboard in
accordance with an embodiment of the invention.

FIG. 12 is a high-level block diagram of an electronic
system in accordance with an embodiment of the invention.

FIG. 13 is another high-level block diagram of an elec-
tronic system in accordance with an embodiment of the
invention.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

Referring to FIG. 1, a portion of a non-volatile memory
array in accordance with an embodiment of the invention is
illustrated. The array includes a plurality of word lines WL1-
WLA4 and a plurality of bit lines BL.1-BL.4 crossing the plu-
rality of word lines. The array further includes a plurality of
memory cells M11-M44 represented symbolically by circles.
The memory cells individually correspond to a different one
of'the crossings of the plurality of word lines and the plurality
of'bit lines relative to one another. For example, memory cell
M12 corresponds to the crossing of WL1 and BL2 and
memory cell M34 corresponds to the crossing of WL3 and
BLA4. The portion illustrated in FIG. 1 may be a very small
portion of the non-volatile memory array. In addition to the
word lines, bit lines, and memory cells illustrated in FIG. 1,
the non-volatile memory may array may include many more
word lines, bit lines, and memory cells.

Although the word lines and bit lines of FIG. 1 are shown
as being straight lines which orthogonally cross relative one
another, other shapes and angles of intersection, whether
existing or yet-to-be developed, may be used. The bit lines
and word lines of FIG. 1 are diagrammatically and schemati-
cally shown in FIG. 1 as touching one another where such
intersect, although such would not be ohmically connected
relative to the depicted intersections.

Individual of the memory cells include a capacitor capable
of being repeatedly programmed to at least two different
capacitance states. The capacitor statically remains in a pro-
grammed capacitance state until programmed to a different
capacitance state. The different capacitance states are char-
acterized by having different capacitance values. In one
capacitance state, the capacitor may have a first capacitance
value and in another capacitance state, the capacitor may have
different second capacitance value that may be significantly
different than the first capacitance value. For example, in
some embodiments, the second capacitance value may be a
factor from two to ten times higher or lower than the first
capacitance value.

The different capacitance states may be used to represent
one or more bits of data. For example, a memory cell may
represent a “1” when its capacitor is in a first capacitance state
and the memory cell may represent a “0” when its capacitor is
in a second capacitance state. In some embodiments, a
memory cell may represent data using three or more different
capacitance states.

The capacitor may remain in a capacitance state for
months, years, or longer even if power is not provided to the
capacitor. Accordingly, the capacitance state may be
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described as being non-volatile and static. Furthermore, the
capacitance state of the memory cell may be repeatedly
altered without damaging the memory cell.

In one embodiment, a method of writing to a memory cell
(e.g., one of memory cells M11-M44) may include applying
a write voltage between a pair of opposing conductive elec-
trodes of' the capacitor of the memory cell. The applying of the
write voltage alters the capacitance state of the capacitor from
one capacitance state to another capacitance state. Writing to
a memory cell may also be referred to as programming a
memory cell. A memory cell may store one or more bits of
data by programming. For example, to program memory cell
M24, a suitable write voltage may be applied across word line
WL2 and bit line BL4 so that a voltage is applied across the
capacitor of memory cell M24, thereby changing the capaci-
tance state of the capacitor. During the programming of
memory cell M24, word lines WL1, WL3, and WL4 and bit
lines BL1, BL2, and BL.3 may be held at appropriate voltages
so that a write voltage sufficient to program a memory cell is
not applied across the memory cells of the array other than
memory cell M24. For example, in one embodiment, word
lines WL1, WL3, and WL4 and bit lines BL1, BL2, and BL3
may be held at the same potential during programming of
memory cell M24.

The method may also include reading data from the
memory cell. Reading may include applying an AC voltage
(e.g., using an AC voltage source 2) between a word line and
bit line, and therefore between a pair of electrodes of the
capacitor, and sensing current resulting from the applying of
the AC voltage. Detection circuitry 4 may be provided to
sense the current and may, based on the current, determine
which capacitance state the capacitor is in and therefore the
value of the data stored by the memory cell. For example, in
one embodiment, voltage source 2 may be connected to word
line WL2 and detection circuitry 4 may be connected to bit
line BL3 to determine the value of data stored by memory cell
M23 by determining the capacitance state of memory cell
M23.

The methods described herein may be used with memory
cells comprising capacitors capable of being repeatedly pro-
grammed to at least two different capacitance states. Indi-
vidual of such capacitors may be embodied in many different
forms. One embodiment of a such a capacitor is a memca-
pacitor device, for example a memcapacitor device 10 as
shown in FIGS. 2 and 3. Such show memecapacitor device 10
in two different programmed states. Alternate and/or addi-
tional programmed states may be used.

Referring to FIG. 2, memcapacitor device 10 comprises a
pair of opposing conductive electrodes 12 and 14. Such may
be comprised of any suitable conductive material, for
example elemental metals, alloys of elemental metals, con-
ductive metal compounds, and/or conductively doped semi-
conductive materials. Electrodes 12 and 14 may be of the
same or different thicknesses. An example thickness range is
from 3 nanometers to 100 nanometers. Further, conductive
electrodes 12 and 14 may be of the same or different compo-
sition relative to one another, and regardless may or may not
be homogenous. In one example, such may consist essentially
of elemental platinum. One of electrodes 12 and 14 may
comprise one of a word line or a bit line where such cross.
Further, the other of electrodes 12 and 14 may comprise the
other of the word line or bit line where such cross.

At least two materials 16 and 18 are received between
opposing conductive electrodes 12 and 14. Material 16 is a
statically programmable semiconductive material which
comprises mobile dopants that are received within a dielec-
tric. It is statically programmable between at least two differ-
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ent states that are characterized by different capacitance val-
ues. At least one of the states includes localization or
gathering of the mobile dopants such that a dielectric region is
formed within material 16. More than two programmable
states may be used.

In the context of this document, a “mobile dopant” is a
component (other than a free electron) of the semiconductive
material that is movable to different locations within said
dielectric during normal device operation of repeatedly pro-
gramming the device between at least two different static
states by application of voltage differential to the pair of
electrodes. Examples include atom vacancies in an otherwise
stoichiometric material, and atom interstitials. Specific
example mobile dopants include oxygen atom vacancies in
amorphous or crystalline oxides or other oxygen-containing
material, nitrogen atom vacancies in amorphous or crystalline
nitrides or other nitrogen-containing material, fluorine atom
vacancies in amorphous or crystalline fluorides or other fluo-
rine-containing material, and interstitial metal atoms in amor-
phous or crystalline oxides. Mobile dopants of material 16 are
depicted diagrammatically by dots/stippling in the drawings.
Density of the dots/stippling in a given area/volume in the
drawings indicates degree of mobile dopant density, with
more dots/stippling indicating higher mobile dopant density
and less dots/stippling indicating lower mobile dopant den-
sity. More than one type of mobile dopant may be used as part
of material 16.

For material 16, example dielectrics in which the mobile
dopants are received include suitable oxides, nitrides, and/or
fluorides that are capable of localized electrical conductivity
based upon sufficiently high quantity and concentration of the
mobile dopants. The dielectric within which the mobile
dopants are received may or may not be homogenous inde-
pendent of consideration of the mobile dopants. Specific
example dielectrics include TiO,, AIN, and/or MgF,.

In one embodiment, material 16 that comprises oxygen
vacancies as mobile dopants may comprise a combination of
TiO, and TiO,_, in at least one programmed state depending
on location of the oxygen vacancies and the quantity of the
oxygen vacancies in the locations where such are received. In
one embodiment, material 16 that comprises nitrogen vacan-
cies as mobile dopants may comprise a combination of AIN
and AIN, . in at least one programmed state depending on
location of the nitrogen vacancies and the quantity of the
nitrogen vacancies in the locations where such are received.
In one embodiment, material 16 that comprises fluorine
vacancies as mobile dopants may comprise a combination of
MgF, and MgF, _, in at least one programmed state depending
on location of the fluorine vacancies and the quantity of the
fluorine vacancies in the locations where such are received. In
one embodiment, the mobile dopants comprise aluminum
atom interstitials in a nitrogen-containing, material.

Material 16 may be of any suitable thickness that may be
dependent upon the composition of the dielectric, upon the
composition of the mobile dopants, and/or upon the quantity
of the mobile dopants in material 16. Example thicknesses
include from 4 nanometers to 5 nanometers, and in one
embodiment a thickness no greater than 120 nanometers.

Material 18 is a mobile dopant barrier dielectric material.
Such may be homogenous or non-homogenous. Mobile
dopant barrier dielectric material 18 is characterized or dis-
tinguished from the dielectric within material 16 by both
being impervious to movement of mobile dopants to within
material 18 and being impervious to location-changing-
movement of any dopants inherently therein. Material 16 and
barrier dielectric material 18 may be of different composition
relative one another which is at least characterized by at least
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one different atomic element. In one embodiment, mobile
dopant barrier dielectric material 18 comprises a metal oxide
and the dielectric within which the mobile dopants are
received in material 16 comprises another metal oxide,
wherein a metal element of material 18 is different from a
metal element of the dielectric of material 16. Regardless,
example mobile dopant barrier dielectric materials include at
least one of ZrO,, Si0,, Si;N,, GeN, and SrTiO;. In one
embodiment, the barrier dielectric material consists essen-
tially of stoichiometric metal oxide, for example, either or a
combination of ZrO, and SrTiO;.

Material 16 and mobile dopant barrier dielectric material
18 may be of the same or different thicknesses relative one
another. In one embodiment, mobile dopant barrier dielectric
material 18 is no thicker than material 16, and in one embodi-
ment as shown is thinner than material 16. In one embodi-
ment, mobile dopant barrier dielectric material 18 has an
equivalent oxide thickness from 1 nanometer to 7 nanom-
eters, and in one embodiment has an equivalent oxide thick-
ness no greater than 10 nanometers. In the context of this
document, “equivalent oxide thickness™ is a linear dimension
of how thick undoped silicon dioxide would need to be to
produce the same dielectric effect as the mobile dopant bar-
rier dielectric material being used. Where the mobile dopant
barrier dielectric material being used is undoped silicon diox-
ide or a material of equal permittivity to that of undoped
silicon dioxide, the “equivalent oxide thickness” and the
thickness of the mobile dopant barrier dielectric material
being used would be the same.

One of semiconductive material 16 and barrier dielectric
material 18 is closer to one of pair of electrodes 12, 14 than is
the other of semiconductive material 16 and barrier dielectric
material 18. Correspondingly, the other of the semiconduc-
tive material 16 and the barrier dielectric material 18 is closer
to the other of pair of electrodes 12, 14. In the depicted
embodiment, material 16 and mobile dopant barrier dielectric
material 18 are in physical touching contact with one another.
Further in the depicted embodiment, no other material is
received between the pair of opposing conductive electrodes
12, 14 but for material 16 and mobile dopant barrier dielectric
material 18.

As illustrated in FIG. 2, memcapacitor device 10 may be
schematically modeled as a capacitor C1 and resistor R1
connected in parallel. Although barrier dielectric material 18
effectively prevents DC current from flowing between elec-
trodes 12 and 14, memcapacitor device 10 may conduct a very
small and insignificant amount of leakage current. Resistor
R1 represents this leakage current. Capacitor C1 represents
the capacitance of memcapacitor device 10 in the FIG. 2
programmed state and represents the combined capacitance
of semiconductive material 16 and barrier dielectric material
18.

FIGS. 2 and 3 depict memcapacitor device 10 in two dif-
ferent static programmed states. FIG. 3 diagrammatically
depicts an example highest capacitance state and FIG. 2
depicts an example lowest capacitance state. For example and
by way of example only, FIG. 2 depicts material 16 as com-
prising regions. 20 and 22 which are characterized by respec-
tive different average concentration of mobile dopants.
Region 22 diagrammatically shows a significantly lower
quantity of mobile dopants therein such that region 22 is
effectively a dielectric. Some quantity of mobile dopants
greater than zero may be within region 22 as long as region 22
may function in a dielectric capacity. Regardless, region. 20
has a suitable higher average concentration of mobile dopants
than any concentration of such within region 22. Any mobile
dopants received within either of region 20 or region 22 may
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ormay not be homogenously distributed within the respective
region 20 or 22. Regardless, region 20 is electrically conduc-
tive, thereby effectively providing a thicker conductive
capacitor electrode by a combination of material 12 and
region 20. On the other hand, region 22 is dielectric thereby
adding to the effective dielectric thickness of mobile dopant
barrier dielectric material 18.

Referring to FIG. 3, the mobile dopants are shown to be
sufficiently received throughout all of material 16 such that
the entire thickness thereof is essentially electrically conduc-
tive. Accordingly, one of the conductive capacitor electrodes
effectively constitutes the combination of materials 12 and
16. Further, in such state, only mobile dopant barrier dielec-
tric material 18 constitutes all of the dielectric thickness
between conductive capacitor electrodes 12 and 14. Thereby,
the programmed state of FIG. 3 has higher capacitance than
that depicted in FIG. 2. The mobile dopants may or may not
be homogenously distributed throughout material 16 in the
FIG. 3 high capacitance state. Further and regardless, difter-
ent selectable programmed capacitance states beyond or in
addition to a highest and lowest capacitance states may be
achieved. Regardless, memcapacitor device 10 is character-
ized at least in part by retaining its programmed capacitance
state after the act which provided the programmed state is
removed.

In the FIG. 2 programmed state, memcapacitor 10 has a
lower capacitance than when in the FIG. 3 programmed state.
In other words, the capacitance of memcapacitor 10 in the
FIG. 2 programmed state is lower than the capacitance of
memcapacitor 10 in the FIG. 3 programmed state regardless
of'an amount of charge actually held by memcapacitor 10 at
any given moment in time. Whether memcapacitor 10 is not
charged, partially charged, or fully charged determines the
charge state of memcapacitor 10, but does not affect the
capacitance of memcapacitor 10. Thus, charge state, as used
herein, refers to the amount of charge actually held by a
capacitor at a given moment in time. Capacitance, as used
herein, refers to a number of coulombs per volt that a capaci-
tor is capable of holding regardless of the charge state of the
capacitor.

As illustrated in FIG. 3, memcapacitor device 10 of FIG. 3
may be schematically modeled as a capacitor C2 and resistor
R2 connected in parallel. Resistor R2 represents the insignifi-
cant leakage current of memcapacitor device 10 in the FIG. 3
programmed state and may be the same, lower or higher than
R1 of FIG. 2. Capacitor C2 represents the capacitance of
memcapacitor device 10 in the FIG. 3 programmed state,
which is larger than C1 of FIG. 2 and represents the combined
capacitance of semiconductive material 16 and barrier dielec-
tric material 18.

As a specific example capacitor device 10, conductive
capacitor electrodes 12 and 14 each consist essentially of
elemental platinum having a thickness of 5 nanometers.
Mobile dopant barrier dielectric material 18 is ZrO, having a
thickness of 3 nanometers. Semiconductive material 16 is a
combination of TiO, and TiO,_, and has an overall thickness
of 4 nanometers. In FIG. 2, region 22 has a thickness of 2
nanometers and is TiO, that has sufficiently less than 5x10*®
oxygen vacancies/cm’ which renders region 22 non-conduc-
tive. Region 20 has a thickness of 2 nanometers and an overall
average oxygen vacancy density sufficiently greater than
5x10"'® vacancies/cm> which renders region 20 conductive. In
FIG. 3, material 16 may be considered as having an overall
average oxygen vacancy density sufficiently greater than
5x10'® vacancies/cm® which is sufficient to render all of
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region 16 to be conductive. Overall average oxygen vacancy
density in region 20 in FIG. 2 is greater than that in region 16
in FIG. 3.

The respective capacitances in connection with the FIGS. 2
and 3 model may be characterized as:

€182

e + &0

where:

C is the device capacitance

A is the area of electrode 14 exposed to material 18.

€, isthe permittivity of material 16 characterized by region
22.

&, is the permittivity of material 18.

t, is the thickness of region 22.

t, is the thickness of material 18.

The different programmed states may be attained by appli-
cation of respective suitable differential voltages relative to
conductive capacitor electrodes 12 and 14, such as described
in Strukov et al. “The missing memristor found”, Nature
Publishing Group, 1 May 2008, Vol. 453, pp. 80-83. For
example, depending upon charge of the mobile dopants, suit-
able positive and/or negative voltages could be applied to
conductive electrodes 12 and 14 to cause the mobile dopants
to be attracted to or repelled from one of conductive elec-
trodes 12 and 14, with the depicted example programming
states of FIGS. 2 and 3 being retained after the programming
voltage differential is removed.

Regardless, in one embodiment a memcapacitor device
comprises a pair of opposing conductive electrodes, for
example conductive electrodes 12 and 14. At least two mate-
rials are received between the opposing conductive elec-
trodes. One of the materials comprises a crystalline semicon-
ductive  metal-containing mass that is  overall
stoichiometrically cation deficient to form mobile cation
vacancies in a space lattice. In one embodiment, the crystal-
line semiconductive metal-containing mass is a crystalline
semiconductive metal oxide mass. The other material is a
barrier dielectric material that is in physical touching contact
with the crystalline semiconductive metal-containing mass
and that is impervious to movement of mobile cation vacan-
cies from said mass into the barrier dielectric material. The
semiconductive mass and the barrier dielectric material are of
different composition relative one another which is at least
characterized by at least one different atomic element. One of
the semiconductive mass and the barrier dielectric material is
closer to one of the pair of electrodes than is the other of the
semiconductive mass and the barrier dielectric material. The
other of the semiconductive mass and the barrier dielectric
material is closer to the other of the pair of electrodes than is
the one of the semiconductive mass and the barrier dielectric
material. Example materials for the crystalline semiconduc-
tive metal-containing mass in this embodiment include those
described above for material 16. Example materials for a
barrier dielectric material in this embodiment include those
described above for barrier dielectric material 18. Other
attributes in this embodiment may include any one or combi-
nation of those described above with respect to the example
embodiments described with reference to FIGS. 2 and 3.

Referring to FIG. 4, a single cross-point memory cell 40
that includes memcapacitor 10 in the FIG. 2 programmed
state is illustrated. In this embodiment, electrode 12 may be a
word line (e.g., one of word lines W1-W4 of FIG. 1) and
electrode 14 may be a bit line (e.g., one of bit lines B1-B4 of
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FIG. 1), with memory cell 40 being one of M11-M44. Alter-
nately, electrode 12 may be a bit line (e.g., one of bit lines
B1-B4 of FIG. 1) and electrode 14 may be a word line (e.g.,
one of word lines W1-W4 of FIG. 1).

Accordingly, in one embodiment, FIG. 4 illustrates a cross-
point memory cell comprising a word line 12 extending in a
first direction and a bit line 14 extending in a second direction
different from the first direction. Bit line 14 and word line 12
cross without physically contacting each other. Memcapaci-
tor 10 is formed between word line 12 and bit line 14 where
such cross. As was discussed above, memcapacitor 10 is
capable of being repeatedly programmed to at least two dif-
ferent capacitance states. The capacitor includes capacitor
dielectric material 18 configured to prevent DC current from
flowing between word line 12 and bit line 14. The capacitor
further includes semiconductive material 16.

In one embodiment, word line 12 or 14 may comprise,
consist essentially of, or consist of platinum. Semiconductive
material 18 may comprise, consist essentially of, or consist of
TiO, and TiO,_, and may be about 50 nm thick. Capacitor
dielectric material 18 may comprise, consist essentially of, or
consist of ZrO, and may be about 3 nm thick. Bit line 12 or 14
may comprise, consist essentially of; or consist of platinum.

Referring to FIG. 5, memcapacitor 10 of cross-point
memory cell 40 is depicted in the FIG. 3 programmed state.

Referring to FIG. 6, another embodiment of a cross-point
memory cell 42 is illustrated. Such comprises capacitor 10
positioned between conductive lines 24 and 26. Line 24
would be a bit line or word line of the FIG. 1 array and line 26
would be the other of the bit line or word line of the FIG. 1
array where respective pairs of such bit lines and word lines
cross. In this embodiment, the capacitor comprises a first
electrode 12 electrically connected to conductive line 26 cor-
responding to the individual memory cell and a second elec-
trode 14 electrically connected to conductive line 24 corre-
sponding to the individual memory cell. First electrode 12
may have one or both of different composition and different
thickness than conductive line 26. Second electrode 14 may
have one or both of different composition and different thick-
ness than conductive line 24. First electrode 12 may be of the
same composition as conductive line 26. Second electrode 14
may be of the same composition as conductive line 24.
Regardless, example respective thicknesses for electrodes 12
and 14 in FIG. 6 are 5 nanometers and 5 nanometers.

In one embodiment, a method of programming a memory
cell may include applying a write voltage across a word line
of'a memory cell 40/42 and a bit line of memory cell 40/42.
Memory cell 40/42 may include a capacitor, for example
capacitor 10 described above. As a result of the applying of
the write voltage, the capacitance of the capacitor is changed
from a first value to a second value. The second value may be
at least twice the first value. Such a method further includes
removing the write voltage from between the word line and
the bit line. The capacitance statically remains at the second
value after the removing of the write voltage.

Applying the write voltage may cause mobile dopants to
move within semiconductive mass 16 received between the
word line and the bit line toward mobile dopant barrier dielec-
tric material 18 received between the word line and the bitline
to increase the capacitance of the capacitor from a lower
capacitance state to a higher capacitance state. Semiconduc-
tive mass 16 and mobile dopant barrier dielectric material 18
are of different composition relative one another which is at
least characterized by at least one different atomic element.
Mobile dopant barrier dielectric material 18 inherently
shields mobile dopants from moving into mobile dopant bar-
rier dielectric material 18 by the applying of the voltage. In
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one embodiment, the applying of the write voltage comprises
applying the write voltage for less than 100 microseconds.

In one embodiment, the write voltage may be a DC voltage.
However, other suitable voltages that cause the mobile
dopants to move within semiconductive mass 16 may be used
including AC voltages having a frequency lower than 5 kHz.

The above write voltage may be referred to as a first write
voltage and the method may also include applying a second
write voltage different from the first write voltage between the
word line and the bit line. The second write voltage may have
a polarity opposite that of a polarity of the first write voltage.
Regardless, as a result of the applying of the second write
voltage, the capacitance of the capacitor is changed from the
second value to a third value. Upon removing the second
write voltage from between the word line and the bit line, the
capacitance of capacitor 10 statically remains at the third
value. The third value may be less than the second value and
in some cases may be less than half of the second value. The
second write voltage may cause the mobile dopants to move
away from mobile dopant barrier dielectric material 18,
thereby reducing the capacitance of capacitor 10.

In one embodiment, the third value may be substantially
the same as the first value. In other words, after the applying
of the second write voltage, the memory cell may have sub-
stantially the same capacitance as it did prior to the applying
of'the first write voltage. Alternatively, the capacitance of the
memory cell after the applying of the second write voltage
may be slightly different than the capacitance of the memory
cell priorto the applying of the first Write voltage since, in one
embodiment, the mobile dopants might not return to precisely
the same locations. However, the resulting capacitance may
still be low enough that the memory cell may reliably repre-
sent the same data value as it did prior to the applying of the
first write voltage.

In one embodiment, a magnitude of the first and second
write voltages may be selected so that the memory cells are
programmed within 10 nanoseconds to 100 microseconds.
The selected magnitude may be sufficient to cause mobile
dopants within semiconductive material 16 to move at a rate
of 2x10® nanometers per second to 2x10* nanometer per
second.

The programming method described above may be used
for memory cells including a memcapacitor such as memca-
pacitor 10. Alternatively, the programming method may be
used for memory cells comprising other capacitor embodi-
ments in which the capacitor changes its capacitance as a
result of a write voltage being applied across the capacitor.

An embodiment of the invention encompasses a method of
programming a capacitor between different static program-
mable states characterized by different capacitance. Such
may encompass using capacitors as described above, or using
other capacitors. Regardless, an embodiment of such method
comprises applying a voltage differential between two con-
ductive capacitor electrodes to cause mobile dopants to move
from a semiconductive mass received between the two con-
ductive capacitor electrodes toward a mobile dopant barrier
dielectric material received between the two conductive
capacitor electrodes to increase capacitance of the capacitor
from a lower capacitance state to a higher capacitance state.
The semiconductive mass and the mobile dopant barrier
dielectric material are of different composition relative one
another which is at least characterized by at least one different
atomic element. The mobile dopant barrier dielectric material
inherently shields mobile dopants from moving into the
mobile dopant barrier dielectric material by applying of the
voltage. Example mobile dopants, semiconductive mass/ma-
terial and mobile dopant dielectric materials may be as
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described above. FIGS. 2 and 3 and FIGS. 4 and 5 depict an
example of such programming in going from the state of FIG.
2 to that of FIG. 3 and from the state of FIG. 4 to that of FIG.
5. Such may be accomplished by applying suitable positive
and/or negative voltages to capacitor electrodes 12 and 14
which cause the mobile dopants to migrate toward electrode
14 or away from electrode 12 thereby transforming the pro-
grammed state.

In one embodiment, a different voltage differential is sub-
sequently applied between the two conductive capacitor elec-
trodes to cause the mobile dopants to move away from the
mobile dopant barrier dielectric material to reduce capaci-
tance of the capacitor and thereby program the capacitor to
one of said different static programmable states. Such may,
for example, occur by programming the FIG. 3 or FIG. 5 state
back to the FIG. 2 or FIG. 4 state by polarity reversal or by
application of some other suitable differential voltage to
achieve the stated reduced capacitance effect. Further, such
subsequently applied voltage differential may or may not
program the capacitor back to the immediately preceding
capacitance state. Accordingly, programming to more than
two capacitance states may selectively occur.

According to one embodiment, a method of reading a
memory cell includes applying an AC voltage signal (e.g.,
using source 2 of FIG. 1) across a word line and a bit line of
the memory cell. In one embodiment, the AC voltage signal is
a periodic, sinusoidal signal have a frequency of about 200
MHz and a peak-to-peak voltage of about 2V. The memory
cell is configured to be selectively programmed in any one of
at least two different static states, such as the states associated
with FIGS. 4 and 5 above. The method further includes sens-
ing a current on the bit line of the memory cell, the current
resulting from the applying of the AC voltage signal, and
based on the sensing, determining in which of the at least two
different static states the memory cell is programmed. In one
embodiment, detection circuitry 4 may perform the sensing
and determining.

The method may further include removing the AC voltage
signal from the memory cell. The capacitor may have sub-
stantially the same capacitance prior to the applying of the AC
voltage signal as after the removing of the AC voltage signal.
In one embodiment, the memory cell may include capacitor
10 described above. While the AC voltage signal is being
applied across capacitor 10, some, none, or all of the mobile
dopants of semiconductive material 16 may move due to the
AC voltage. However, such movement may be a back and
forth movement such that when the AC voltage is removed,
the mobile dopants will be in or very near the locations that
they were in prior to the applying of the AC voltage. Accord-
ingly, the capacitance of the memory cell may be substan-
tially the same after the applying of the AC voltage even
though the mobile dopants may move during the applying of
the AC voltage.

During the applying of the AC voltage signal, current flows
from the bit line into the memory cell at a first moment in time
and from the memory cell to the bit line at a second moment
in time subsequent to the first moment in time.

In one embodiment, the AC voltage signal may be periodic
and the sensing of the current may include sensing the current
when the AC voltage signal is periodic. In one embodiment,
the AC voltage signal may have a substantially constant fre-
quency and the sensing of the current may include sensing the
current when the AC voltage signal has a substantially con-
stant frequency. In one embodiment, the AC voltage signal
may be substantially sinusoidal and the sensing of the current
may include sensing the current when the AC voltage signal is
substantially sinusoidal. In one embodiment, the AC voltage
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signal, in steady state, has a dominant frequency component
with a frequency greater than or equal to 100 MHz during at
least some of the applying. In one embodiment, the sensing of
the current includes sensing the current when the AC voltage
signal is in a steady state. The AC voltage signal may have a
peak-to-peak voltage of at least 1 volt during at least some of
the applying.

The current may be referred to as a first current and the
memory cell may be programmed in a first one of the at least
two different static states. The method may further comprise,
after the sensing of the first current, programming the
memory cell in a second one of the at least two different static
states, applying the AC voltage signal to the word line while
the memory cell is programmed in the second one of the at
least two different static states, and sensing a second current
onthe bit line. The second current results from the applying of
the AC voltage signal while the memory cell is programmed
in the second one of the at least two different static states and
the second current may be at least twice as large as the first
current. The method may also include, based on the sensing of
the second current, determining that the memory cell is pro-
grammed in the second one of the at least two different static
states. The second current may be at least five times as large
as the first current.

An example of reading a memory cell will now be
described. Referring to FIG. 1, memory cell M23 may be read
by applying AC voltage source 2 to word line WL2 and
connecting detection circuitry 4 to bit line BL.3. An AC volt-
age signal generated by source 2 may be conducted by
memory cell M23 to some degree based on the capacitance
state of memory cell M23. Detection circuitry 4 may detect
the conducted signal on bit line BL3 in the form of an AC
current. Detection circuitry 4 may determine the capacitance
state of memory cell M23 based on the magnitude of the AC
current.

In one embodiment, detection circuitry 4 may be config-
ured to convert a current signal into a voltage signal. For
example, detection circuitry 4 may be a transimpedance
amplifier. Alternatively, detection circuitry 4 may include a
lock-in amplifier for detecting the current and determining
the capacitance state of memory cell M23.

In one embodiment, the array of FIG. 1 may include one or
more row drivers used to read the memory cells. Such row
drivers may include voltage source 2. In some configurations,
more than one-thousand memory cells of an array may be
read simultaneously using one or more of the row drivers and
detection circuitry 4 without taxing the row drivers because
the total current supplied by source 2 in reading the memory
cells is small relative to DC currents produced by conven-
tional row drivers used to read memory cells of conventional
memory arrays.

Bit line BL.3 may be grounded while the AC voltage signal
is applied to word line WL.2. In one embodiment, bit line BL.3
may be grounded by a virtual ground of detection circuitry 4,
for example, a virtual ground of a transimpedance amplifier.

Although the methods of reading a memory cell using an
AC voltage signal described herein may be used with a cross-
point memory array, such methods may alternatively be used
with other memory array structures. In fact, the methods may
be used with memory array structures that use a memory
element other than a capacitor to statically store data. For
example, the memory element may include a memristor,
phase change material, or other memory element in which the
data value may be determined by passing an AC current
through the memory element and sensing the resulting AC
current to determine the state of the memory element.
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Referring to FI1G. 7, a schematic diagram 50 of circuitry for
reading two memory cells according to one embodiment is
illustrated. Diagram 50 includes AC voltage source 2 con-
nected to word line WL2. Capacitor C3 represents stray
capacitance between word line WL.2 and word lines adjacent
to word line WL2 (not illustrated in FIG. 7). Resistor R3
represents the resistance of word line WL2.

Diagram 50 depicts memory cell M23 configured in a low
or lowest capacitance state in which memory cell M23 may
represent a “1” or a “0.” Capacitor C4 represents the capaci-
tance of memory cell M23 and resistor R4 represents leakage
current through memory cell M23. Memory cell M24, on the
other hand, is depicted as being configured in a high or high-
est capacitance state in which memory cell M24 may repre-
sent the opposite data, value as memory cell M23, namely a
“0” if memory cell M23 represents a “1” and a “1” if memory
cell M23 represent a “0.” Capacitor C5 represents the capaci-
tance of memory cell M24 and resistor RS represents leakage
current through memory cell M24. Note that in this example,
capacitance C5 is about eight times capacitance C4. This
difference in capacitance can cause the magnitude of an AC
current conducted by memory cell M24 to be significantly
higher than the magnitude of an AC current conducted by
memory cell M23, as is discussed further below in relation to
FIG. 9.

Capacitor C6 represents stray capacitance between bit line
BL3 and adjacent bit lines and resistor R6 represents the
resistance of bit line BL.3. Similarly, capacitor C7 represents
stray capacitance between bit line B[4 and adjacent bit lines
and resistor R7 represents the resistance of bit line BL4.

Detection circuitry may be connected to bitlines BL.3 and
BL4 to measure AC currents present on bit lines BL3 and
BLA4.

Referring to FIG. 8, a plot is illustrated that depicts current
flowing through capacitor dielectric material 18 as a function
of voltage across capacitor dielectric material 18 and resis-
tance of capacitor dielectric material 18 as a function of
voltage across capacitor dielectric material 18. The values of
current and resistance depicted in FIG. 8 are for an embodi-
ment of the memory cell of FIGS. 4 and 5 in which word line
12 comprises platinum; semiconductive material 18 com-
prises TiO, and TiO,_, and is about 50 nm thick; capacitor
dielectric material 18 comprises ZrO, and is about 3 nm thick;
and bit line 14 comprises platinum. In this example, capacitor
dielectric material 18 may have an effective permittivity of
about 35. Note that the resistance and current vary with volt-
age, the current generally increasing and the resistance gen-
erally decreasing as the voltage increases.

Referring to FIG. 9, a plot of AC current conducted by
memory cell 40 as measured on a bit line is illustrated. In one
embodiment, the current may be measured, for example, by
detection circuitry 4. Line 32 represents current measured on
the bit line when capacitor 10 of memory cell 40 is in the FI1G.
4 programmed state, when capacitor 10 is in a low capaci-
tance state. Line 34 represents current measured on the bit
line when capacitor 10 of memory cell 40 is in the FIG. 5
programmed state, when capacitor 10 is in a high capacitance
state.

Note that in this example, the current represented by line 32
has a magnitude of about 5 nA and the current represented by
line 34 has a magnitude of about 45 nA. Accordingly the
current represented by line 34 is about 9 times the current of
line 32. This difference in magnitude enables detection cir-
cuitry 4 to distinguish between a memory cell in a high
capacitance state and a memory cell in a low capacitance
state.
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For example, line 32 may represent current on bit line BL.3
conducted by memory cell M23 in the example described
above in relation to FIG. 7. As was mentioned above, memory
cell M23 may be in a low or lowest capacitance state, in one
example. Line 34 may represent current on bit line BL4
conducted by memory cell M24 in the example described
above in relation to FIG. 7. As was mentioned above, memory
cell M24 may be in a high or highest capacitance state, in one
example.

Detection circuitry 4 may determine that memory cell M23
is in the low or lowest capacitance state by comparing the
current represented by line 32 to a first threshold, in one
embodiment, and determining that the current is below the
threshold. Furthermore, detection circuitry 4 may determine
that memory cell M24 is in a high or highest capacitance state
by comparing the current represented by line 34 to a second
threshold, in one embodiment, and determining that the cur-
rent is above the threshold. The first and second thresholds
may be the same or different from one another. For example,
the first threshold may be lower than the second threshold.

FIG. 10 illustrates generally, by way of example, but not by
way of limitation, an embodiment of a computer system 400
according to an aspect of the present invention. Computer
system 400 includes a monitor 401 or other communication
output device, a keyboard 402 or other communication input
device, and a motherboard 404. Motherboard 404 can carry a
microprocessor 406 (processing circuitry) or other data pro-
cessing unit, and at least one memory device 408 (memory
circuitry). Memory device 408 can comprise various aspects
of the invention described above. Memory device 408 can
comprise an array of memory cells, and such array can be
coupled with addressing circuitry for accessing individual
memory cells in the array. Further, the memory cell array can
be coupled to a read circuit for reading data from the memory
cells. The addressing and read circuitry can be utilized for
conveying information between memory device 408 and pro-
cessor 406. Such is illustrated in the block diagram of the
motherboard 404 shown in FIG. 11. In such block diagram,
the addressing circuitry is illustrated as 410 and the read
circuitry is illustrated as 412. Various components of com-
puter system 400, including processor 406, can comprise one
or more of the memory constructions described previously in
this disclosure.

Processor device 406 can correspond to a processor mod-
ule, and associated memory utilized with the module can
comprise teachings of the present invention. Processor device
406 may be configured to instruct memory device 408 to store
data that processor device 406 provides to memory device
408 and may be configured to retrieve the data from memory
device 408.

Memory device 408 can correspond to a memory module.
For example, single in-line memory modules (SIMMs) and
dual in-line memory modules (DIMMs) may be used in the
implementation which utilize the teaching’s of the present
invention. The memory device can be incorporated into any of
avariety of designs which provide different methods of read-
ing from and writing to memory cells of the device.

Memory device 408 can comprise memory formed in
accordance with one or more aspects of the present invention.

FIG. 12 illustrates a simplified block diagram of a high-
level organization of various embodiments of an exemplary
electronic system 700 of the present invention. System 700
can correspond to, for example, a computer system, a process
control system, or any other system that employs a processor
and associated memory. Electronic system 700 has functional
elements, including a processor or arithmetic/logic unit
(ALU) 702, a control unit 704, a memory device unit 706 and
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an input/output (I/O) device 708. Generally, electronic sys-
tem 700 will have a native set of instructions that specify
operations to be performed on data by the processor 702 and
other interactions between the processor 702, the memory
device unit 706 and the I/O devices 708. The control unit 704
coordinates all operations of the processor 702, the memory
device 706 and the /O devices 708 by continuously cycling
through a set of operations that cause instructions to be
fetched from the memory device 706 and executed. In various
embodiments, the memory device 706 includes, but is not
limited to, random access memory (RAM) devices, read-only
memory (ROM) devices, and peripheral devices such as a
floppy disk drive and a compact disk CD-ROM drive. One of
ordinary skill in the art will understand, upon reading and
comprehending this disclosure, that any of the illustrated
electrical components are capable of being fabricated to
include memory constructions in accordance with various
aspects of the present invention.

FIG. 13 is a simplified block diagram of a high-level orga-
nization of various embodiments of an exemplary electronic
system 800. The system 800 includes a memory device 802
(memory circuitry) that has an array of memory cells 804,
address decoder 806, row access circuitry 808, column access
circuitry 810, read/write control circuitry 812 for controlling
operations, and input/output circuitry 814. The memory
device 802 further includes power circuitry 816, and sensors
820, such as current sensors for determining whether a
memory cell is in a low-threshold conducting state or in a
high-threshold non-conducting state. The illustrated power
circuitry 816 includes power supply circuitry 880, circuitry
882 for providing a reference voltage, circuitry 884 for pro-
viding the first wordline with pulses, circuitry 886 for pro-
viding the second wordline with pulses, and circuitry 888 for
providing the bitline with pulses. The system 800 also
includes a processor 822 (processing circuitry), or memory
controller for memory accessing. Processor 822 may be con-
figured to instruct memory device 802 to store data provided
by processor 822 and may be configured to retrieve the stored
data from memory device 802.

The memory device 802 receives control signals 824 from
the processor 822 over wiring or metallization lines. The
memory device 802 is used to store data which is accessed via
1/0O lines. It will be appreciated by those skilled in the art that
additional circuitry and control signals can be provided, and
that the memory device 802 has been simplified to help focus
on the invention. At least one of the processor 822 or memory
device 802 can include a memory construction of the type
described previously in this disclosure.

The various illustrated systems of this disclosure are
intended to provide a general understanding of various appli-
cations for the circuitry and structures of the present inven-
tion, and are not intended to serve as a complete description of
all the elements and features of an electronic system using
memory cells in accordance with aspects of the present inven-
tion. One of the ordinary skill in the art will understand that
the various electronic systems can be fabricated in single-
package processing units, or even on a single semiconductor
chip, in order to reduce the communication time between the
processor and the memory device(s).

Applications for memory cells can include electronic sys-
tems for use in memory modules, device drivers, power mod-
ules, communication modems, processor modules, and appli-
cation-specific modules, and may include multilayer,
multichip modules. Such circuitry can further be a subcom-
ponent of a variety of electronic systems, such as a clock, a
television, a cell phone, a personal computer, an automobile,
an industrial control system, an aircraft, and others.
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In compliance with the statute, the subject matter disclosed
herein has been described in language more or less specific as
to structural and methodical features. It is to be understood,
however, that the claims are not limited to the specific features
shown and described, since the means herein disclosed com-
prise example embodiments. The claims are thus to be
afforded full scope as literally worded, and to be appropri-
ately interpreted in accordance with the doctrine of equiva-
lents.

The invention claimed is:

1. A memory cell comprising:

a first electrode;

a second electrode;

semiconductive material intermediate the first and second

electrodes and configured to have different capacitance
states at different moments in time corresponding to
different ones of a plurality of programmed states of the
memory cell; and

wherein the semiconductive material has different dielec-

tric thicknesses corresponding to the different capaci-
tance states at the different moments in time.

2. The memory cell of claim 1 further comprising a dielec-
tric material intermediate one of the first and second elec-
trodes and the semiconductive material, and wherein the
dielectric material has a substantially constant capacitance
while the memory cell is in the different programmed states.

3. The memory cell of claim 2 wherein a region of the
semiconductive material comprises different concentrations
of a plurality of mobile dopants while the memory cell is in
the different programmed states.

4. The memory cell of claim 3 wherein the dielectric mate-
rial comprises barrier material which is impervious to move-
ment of the mobile dopants from the semiconductive material
to the barrier material.

5. The memory cell of claim 1 wherein a region of the
semiconductive material is electrically conductive while the
memory cell is in one of the programmed states and electri-
cally insulative while the memory cell is in an other of the
programmed states.

6. The memory cell of claim 5 wherein the region is a first
region, and further comprising a second region of the semi-
conductive material is electrically conductive while the
memory cell is in the one and other programmed states.

7. The memory cell of claim 1 wherein the memory cell is
a non-volatile memory cell.

8. A memory cell comprising:

a first electrically conductive region;

a second electrically conductive region;

an electrically insulative region between the first and sec-

ond electrically conductive regions while the memory
cell is programmed in different ones of a plurality of
programmed states; and

wherein one of the first and second electrically conductive

regions has an increased thickness in a direction towards
an other of the first and second electrically conductive
regions while the memory cell is programmed in one of
the programmed states compared with an other of the
programmed states.

9. The memory cell of claim 8 further comprising a semi-
conductive material between the first and second electrically
conductive regions.

10. The memory cell of claim 9 wherein the semiconduc-
tive material comprises a region which is electrically conduc-
tive while the memory cell is programmed in the one pro-
grammed state and electrically insulative while the memory
cell is programmed in the other programmed state.
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11. The memory cell of claim 9 wherein the one of the first
and second electrically conductive regions comprises the
region of the semiconductive material and an electrode.

12. The memory cell of claim 9 wherein the semiconduc-
tive material has different dielectric thicknesses while the
memory cell is programmed in the one and other programmed
states.

13. The memory cell of claim 9 wherein the semiconduc-
tive material comprises a region which is has different con-
centrations of mobile dopants while the memory cell is pro-
grammed in the one and other programmed states.

14. The memory cell of claim 13 wherein the electrically
insulative region comprises barrier dielectric material which
is impervious to movement of the mobile dopants.

15. The memory cell of claim 14 wherein the electrically
insulative region comprises the region of the semiconductive
material while the memory cell is programmed in the other
programmed state.

16. The memory cell of claim 15 wherein the memory cell
has different capacitances corresponding to the different pro-
grammed states.

17. A memory system comprising:

a memory cell configured to be programmed in a plurality
of different programmed states at different moments in
time;

driver circuitry coupled with the memory cell and config-
ured to apply a driver signal to the memory cell; and

detection circuitry coupled with the memory cell and con-
figured to sense a current flowing into the memory cell at
a first moment in time during the application of the
driver signal to the memory cell and to sense a current
from the memory cell ata second moment in time during
the application of the driver signal to the memory cell.

18. The system of claim 17 wherein the driver circuitry is
configured to apply the driver signal comprising an AC volt-
age signal.

19. The system of claim 17 further comprising a word line
configured to conduct the driver signal between the driver
circuitry and the memory cell.

20. The system of claim 17 further comprising a bit line
coupled with the detection circuitry and configured to con-
duct the currents flowing into and from the memory cell.

21. The system of claim 17 wherein the memory cell has
different capacitances corresponding to the different pro-
grammed states.

22. A memory cell operational method comprising:

applying a signal to a memory cell to program the memory
cell from a first of a plurality of different programmed
states to a second of the programmed states; and

as a result of the applying, changing a concentration of
mobile dopants within a region of semiconductive mate-
rial of the memory cell from a first concentration of the
mobile dopants corresponding to the first programmed
state to a second concentration of the mobile dopants
corresponding to the second programmed state.

23. The method of claim 22 wherein the memory cell has
different capacitances corresponding to the different pro-
grammed states.

24. The method of claim 22 wherein the semiconductive
region has different dielectric thicknesses corresponding to
the different programmed states.

25. The method of claim 22 wherein the region of semi-
conductive material having the first concentration of the
mobile dopants is electrically conductive and the region of
semiconductive material having the second concentration of
the mobile dopants is electrically insulative.
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26. The method of claim 25 wherein another region of the
semiconductive material is electrically conductive while the
memory cell is in the first and second programmed states.

27. The method of claim 22 wherein the region comprises
a first region of the semiconductive material, and the chang-
ing comprises moving the mobile dopants between the first
region and a second region of the semiconductive material.

28. The method of claim 22 wherein the signal is a first
signal, and further comprising applying a second signal to the
memory cell to read the second programmed state of the
memory cell.

29. The method of claim 22 wherein the memory cell is a
non-volatile memory cell.

#* #* #* #* #*
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